This paper investigated the mass and energy balance of the gasification of sugarcane bagasse using computer simulation. The key parameters and gasifier operating conditions were investigated in order to establish their impact on gas volume and conversion efficiency of the gasification process. The heating value of sugarcane bagasse was measured and found to be 17.8 MJ/kg which was used during calculation of the conversion efficiency of the gasification process. Fuel properties and gasifier design parameters were found to have an impact on conversion efficiency of the gasification process of sugarcane bagasse. The moisture content of sugarcane bagasse was varied by 1.14%, 15%, and 25%, respectively. Optimum conversion efficiency was achieved at low moisture content (1.14%) after computer simulation of the gasification process. The volume of carbon monoxide increased at low moisture content. It was also found that maximum conversion efficiency was achieved at reduced particle diameter (6 cm) and at reduced throat diameter (10 cm) and throat angle (25 ∘ ), respectively, after these parameters were varied. Temperature of input air was also found to have an impact on the conversion efficiency of the gasification process as conversion efficiency increased slightly with increasing temperature of input air.
Introduction
Sugarcane bagasse is the residue that results from the crushing of sugarcane. It is generated in large quantities during the processing of sugarcane in the sugar industry. Sugarcane bagasse is mainly burnt inefficiently in boilers that provide the heating for the sugar industry thus the renewed interest in its efficient utilization through an efficient means of conversion such as gasification.
The gasification technology remains an old technology that has today reached an advanced stage and hence there is a huge expectation from user industries for its application [1] . Commercial fuels and chemicals have been produced in the past from gasification technologies and current developments show that the use of gasification technologies to produce syngas and other chemicals will continue to be on the rise [2] . For a country like South Africa with its vast agricultural residues such as sugarcane bagasse, it is imperative to have an efficient power generation system. Gasification of sugarcane bagasse is a carbon dioxide emission neutral source of energy and also has the advantage of syngas production. Another advantage of gasification of sugarcane bagasse is the potential to reduce storage and transport cost since the sugarcane bagasse can be used in the same place where is it generated. Gasification is an alternative energy conversion technology that converts biomass materials into energy. This process is achieved by reacting the material at high temperatures, usually above 1000 ∘ C, in the presence of a limited amount of oxygen and/or steam. The resulting gas mixture is called producer gas, most commonly referred to as syngas with a heating value of 4-6 MJ/kg. The syngas, when clean, can be used in stationary gas turbines and electricity generation or as a building block for a variety of chemicals and fuel. About 70-85% of the carbon in the feedstock is converted 2 Journal of Energy into the syngas and the ratio of carbon monoxide to hydrogen produced depends on the hydrogen and carbon content of the feedstock and the type of gasifier used. The syngas produced differs from natural gas in terms of heating value, composition, and flammability characteristics.
In the gasifier, the biomass material undergoes several different reaction processes including drying, distillation, oxidation, and reduction reaction processes. These reactions are as follows [3] :
CO + H 2 O → CO 2 + H 2 (water-gas shift reaction) (4)
Equations (6) and (7) are the main reduction reactions and being endothermic have the capability to reduce the temperature of the syngas. The selection of gasification systems design and performance are influenced by the thermochemical characteristics of the biomass to be converted [4] . However, it is necessary to use fast and quick simulation techniques in order to efficiently utilize the energy resources. The key parameters that affect the performance of the gasifier are moisture content, throat angle, and throat diameter as well as diameter of the material under study and temperature of input air [5] . Little is known about these parameters and their impact on conversion efficiency of the gasification process. These parameters are the most critical operating parameters that affect gasifier performance and are useful empirical tools for scale-up designs of gasifiers [5, 6] .
Principle of Operation of the Downdraft Gasifier.
There are many types of gasifiers used in the gasification of biomass materials. However, the choice of gasifier type depends on the type of material to be gasified and end use of the gas produced. Fixed-bed downdraft or cocurrent gasifiers are relatively simpler to use; they are reliable and amenable to gasifier different kinds of feedstock and offer lower particulate concentration in product gases and can achieve higher efficiencies than other gasifiers. The downdraft gasifiers also have the advantage of the production of a gas with low tar content. Because of uneven heat distribution in the downdraft gasifier, it is only limited to small scale applications [7] . However, scale-up of the downdraft gasifier is possible if heat could be evenly distributed and cold spots avoided in the combustion zone of the gasifier since the generation of heat and the oxidation of condensable products from the distillation zone take place in the combustion zone. Figure 1 presents the main features of the downdraft gasifier. The biomass material is fed into the gasifier from the top of the gasifier and dried in the drying zone. Pyrolysis of the biomass takes place in the distillation zone where char and pyrolysis gases are formed. The drying zone and the distillation zone are mainly heated by radiation heat from the hearth (combustion) zone. In this zone, carbon dioxide and water vapour are formed. A part of the char formed in the distillation zone is also burnt in the hearth zone. Pyrolysis gases also pass through this zone and are burnt as well. The extent to which the pyrolysis gases are actually burnt depends on gasifier design, the biomass feedstock, and the skills of the operator. After oxidation of the feedstock in the hearth zone, the char left in the distillation zone and the combustion products (carbon dioxide and water vapour) in the hearth zone pass to the reduction zone where CO and H 2 are formed. Traces of methane and other noncombustible gases are also formed in this zone.
Materials and Method

Proximate and Ultimate Analysis.
The main by-product of the sugar industry in South Africa is sugarcane bagasse. It was chosen for this study because of its availability in excess of its usage. However, it is necessary to understand the composition of biomass before its application in energy conversion systems [1] . Proximate and ultimate analysis of biomass are usually used to describe the composition of biomass and different indicators are often used to quantify these components.
Samples of sugarcane bagasse were obtained from the Sugar Milling Research Institute in Durban, South Africa. It was received with over 50% moisture content. The sugarcane bagasse was air dried for 48 hours before analysis. The reason for predrying before analysis was to lower the moisture content of sugarcane bagasse so as to make it suitable for gasification operations because high moisture content will require more energy for gasification and will reduce the inside temperature of the gasifier as well as the heating value of the product gas. The dried sugarcane bagasse was milled to size using a cryogenic grinder. The results of the proximate and ultimate analysis of sugarcane bagasse are presented in Table 1 .
Energy Content of Sugarcane Bagasse.
The standard measure of the energy content of a fuel is its heating value, also known as the calorific value. It indicates the energy available for conversion to useful energy. Fuel with high energy content is always better for gasification and most biomass materials have heating value in the range 10-20 MJ/kg [8] . The energy content of a fuel type can vary significantly depending on the climate and soil in which the fuel was grown as well as other conditions [9] . Biomass materials usually have low energy content because of high amount of oxygen in the biomass.
The heating value of sugarcane bagasse was determined by an oxygen bomb calorimeter (CAL2K model). The calorimeter was calibrated with 0.5 g of benzoic acid before measurements were taken. This was done under a pressurized oxygen environment of 3 000 kpa.
Downdraft Gasifier Modeling.
A DOS based downdraft gasifier modeling program developed by Jayah et al., 2003, was used to undertake computer simulation of the gasification process of sugarcane bagasse. This software is specifically designed for the simulation of the fixed-bed downdraft gasifiers. Table 2 presents the parameters used during gasification simulation.
Gas profiles were obtained from the simulation software program and these gas profiles were used to calculate the gas heating value from the percentage composition of the combustible gases in the syngas as follows [10] :
where HV gas is the gas heating value in MJ/kg, CO vol is the volume concentration of carbon monoxide gas in percentage, HVCO is the heating value of carbon monoxide gas (usually 12.64 MJ/kg by standard) [11] , H 2vol is the volume concentration of hydrogen gas in percentage, HVH 2 is the heating value of hydrogen gas (10.1 MJ/kg by standard) [12] , CH 4vol
is the volume concentration of methane gas in percentage, and HVCH 4 is the heating value of methane gas (38 MJ/kg by standard measurement) [11] . The heating value of the combustible gases was obtained from the standard gas table.
The conversion efficiency of the gasification process was determined after computer simulation by the following equation [10] :
where is the efficiency of the gasifier, HV gas the gas heating value, and HV fuel the heating value of the fuel. The computer software was basically a model developed for the downdraft wood gasifiers to study the effects of operating and design parameters on the performance of the gasifier [13] . It consists of two submodels, namely, flaming pyrolysis and gasification zone submodels. Flaming pyrolysis zone submodel is used to determine the product concentration and temperature of gas leaving the flaming pyrolysis zone. The gasification zone submodel is used to predict the output of the product gas and the length of the gasification zone at any given time [14] . The principle of mass and energy balance was also used.
Flaming Pyrolysis Zone Submodel.
In the flaming pyrolysis zone, the general equation of reaction of the material can be expressed by
where char was taken as carbon and ultimate analysis of tar as CH 1.03 O 0.03 [15] . From (11) and (12) we can obtain the equilibrium equation and the corresponding equilibrium constant, respectively, as follows:
The correlation between the temperature and equilibrium constants for the above is given by [16] log ( 
where T is the temperature (K). By mass balance the following equation can be obtained: 
4 Journal of Energy The energy balance in flaming pyrolysis zone is given by H C Wood = H C Char + H C Tar + H C Gas + H S Char + H S Tar + H S Gas + Heatloss.
The number of moles of water ( ), including fuel moisture, air moisture, and water or steam addition can be calculated by the following equation [17] . Moisture in fuel = dry matter in fuel × moisture content on dry basis
The 
(18)
Submodel of Gasification Zone.
The gasification zone is modelled by following a particle along the axis of the reactor. The computer program has been formulated using Fortran language to calculate the characteristic profiles along the reactor axis. The profile includes temperature, concentrations, efficiency, and distance the particle travelled. The length coordinate is coupled with a time variable through the solid phase velocity. A small time increment approach is used in calculating the product composition of the zone. It involves the use of a step procedure starting from the gasification zone and marches axially through the reactor in appropriate time increments. The output values of the flaming pyrolysis zone are used as inputs for modelling the gasification zone [14] . Table 3 presents the measure of the energy content of sugarcane bagasse from this study and from previous authors. This was obtained after complete combustion of sugarcane bagasse to carbon dioxide and water vapour in an oxygen bomb calorimeter. The heating value of sugarcane bagasse was measured and found to be 17.8 MJ/kg and the value is comparable to what is found in the literature as evident from Table 3 . Conversion efficiency of the gasification process is based purely on this value. This value was used during calculation of the conversion efficiency of the gasifier after computer simulation of the gasification process.
Results and Discussion
Heating Value of Sugarcane Bagasse.
Gasifier Simulation.
A downdraft biomass gasification simulation software program developed by Jayah et al., 2003, described in Section 2.3 was used to undertake computer simulation of the gasification process of sugarcane bagasse. The initial parameters used for the gasification simulation process are presented in Table 2 in Section 2.3. However, these parameters were later varied in order to investigate their impact on conversion efficiency of the gasification process. Moisture content was also varied in order to investigate its impact as well not only on conversion efficiency of the gasification process but also on gas volume. The parameters varied are presented in Table 4 . The parameters varied were particle diameter, throat diameter, and throat angle as well as temperature of input air and moisture content as evident in Table 4 . Figures were played around with before finally establishing those figures that resulted in optimum conversion efficiency as well as those that lead to reduced conversion efficiency of the gasification process. Moisture content of 1.14% (from the proximate analysis in Table 1 ) is as measured from the sample while 15% and 25% moisture contents were assumed based on the maximum allowable moisture content [19] .
Impact of Fuel Properties and Gasifier Operating Conditions on Conversion Efficiency.
The ratio of the products formed during gasification of biomass is influenced not only by the composition of the biomass but also by the operating conditions of the gasifier [8] . The heating value of sugarcane bagasse described in Section 2.1 was measured and found to be 17.8 MJ/kg and was used during calculation of the conversion efficiency of the gasification process. Timeconsuming gasification simulation was conducted to investigate the impact of fuel properties such as moisture content and particle diameter, and gasifier operating conditions such as throat angle and throat diameter as well as temperature of input air on the conversion efficiency of the gasification process of sugarcane bagasse. The impact of these fuel properties and gasifier operating conditions is described in this section. Table 1 were used to undertake computer simulation with only moisture content varied from 1.14% to 15% and 25%, respectively. Figure 2 presents the impact of moisture content on gas volumes obtained after computer simulation of the gasification process of sugarcane bagasse using the gasifier operating parameters presented in Tables 2 and 4 , respectively.
Impact of Fuel Moisture Content on Gas Volume. The fuel properties and gasifier operating conditions presented in
The major part of the syngas is formed through reduction reactions in the reduction zone of the gasifier most of which are endothermic reactions. The impact of moisture content on gas volumes is evident in Figure 2 . The volume of carbon monoxide (CO) was found to be higher when the moisture content of sugarcane bagasse was low (1.14%) compared to when it was higher (15% and 25%, resp.). This can be attributed to the fact that heat was not consumed during the drying of the feedstock; it was rather available for the reduction reactions to take place. The hydrogen (H 2 ) content of the syngas was found to be higher when the moisture content of sugarcane bagasse was assumed to be higher (15% and 25%, resp.). This is because of the availability of moisture for the water-gas reaction to take place.
Impact of Fuel Moisture Content on Conversion Efficiency.
Moisture content is one important fuel property that governs gasifier design and also has an impact on conversion efficiency of the gasification process [1] . Figure 3 shows the impact of fuel moisture content on conversion efficiency. This was obtained after computer simulation of the gasification process using the parameters presented in Table 1 . The moisture content was varied from 1.14%, 15%, and 25%, respectively as evident in Tables 2 and 4 , respectively. As moisture content increases, conversion efficiency decreases considerably as evident from Figure 3 . Optimum conversion efficiency was achieved at low moisture content 6 Journal of Energy of 1.14%. This observation can be explained by the reaction kinetics. As explained earlier in Section 1, the major part of the syngas is formed through reduction reactions. A high quantity of energy is consumed during the drying of the material in the drying zone of the gasifier and the energy is no longer available for the reduction reactions to take place. At higher moisture contents (15% and 25%, resp.), the low oxidation temperature inhibiting the rate of the reactions is compensated by a high water (H 2 O) concentration which accelerates the water-gas shift reaction (4) in Section 1. The percentage difference between 1.14% moisture content and 25% moisture content is approximately 20% in terms of efficiency. This value is significantly higher when compared to the percentage difference between 15% and 25% moisture contents.
The Impact of Particle Diameter on Conversion Efficiency. Particle diameter has an impact on the burning characteristics of the fuel because it affects the rate of heating and drying during gasification [9] . Figure 4 shows the impact of particle diameter on conversion efficiency of the gasification process of sugarcane bagasse obtained after computer simulation using the same parameters presented in Tables 2 and 4 , respectively. Only the particle diameter was varied between 6 cm, 20 cm, and 30 cm, respectively, while other parameters remained constant.
Conversion efficiency increases with decreasing particle diameter as evident in Figure 4 . This is due to the fact that smaller particle diameters have larger surface area per unit mass and larger pore sizes which facilitates faster rates of heat transfer and gasification. Longer gasifier length is needed for large particle diameters to achieve optimum conversion efficiency [27] .
The Impact of Temperature of Input Air on Conversion Efficiency. Gasifiers are generally operated at ambient air temperature of 27 ∘ C (300 K). The gasification reactions explained in Section 1 occur simultaneously and the content and ratios of CO, H 2 , and CH 4 in the product gas are affected by temperature of the reactants [3, 28] . Figure 5 presents the impact of temperature of input air on conversion efficiency. This was obtained after computer simulation of the gasification process using the parameters presented in Tables 2 and 4 with only temperature of input air varied between 27 ∘ C, 627 ∘ C, and 1227 ∘ C, respectively, while other parameters remained constant.
An experiment was conducted by Mathieu and Dubuisson, 2002, to investigate the impact of temperature of input air on gasifier conversion efficiency. They found that reaction temperature increased when the temperature of input air was increased. As noticed from Figure 5 , conversion efficiency increases slightly as temperature of input air increases. This observation is due to heat brought into the reactants which induces an increase in reaction temperature. The production of CH 4 in the reactions explained earlier decreases when reaction temperature, and hence temperature of input air, increases. The production of carbon monoxide (CO) increases at the expense of carbon and carbon dioxide when temperature increases [25, 29] . 
The Impact of Throat Diameter on Conversion Efficiency.
The main purpose of the throat in a downdraft gasifier is to distribute heat evenly around the combustion zone and consequently along the gasification axis. This heat distribution is important for optimum conversion efficiency [19] . Figure 6 shows the impact of throat diameter on conversion efficiency. This was obtained after computer simulation of the gasification process using the parameters presented in Tables  2 and 4 with only the throat diameter varied between 10 cm, 30 cm, and 50 cm, respectively. Other parameters remained constant. The smaller the throat diameter the more efficient the gasification process as evident in Figure 6 . Whereas larger throat diameters (30 cm and 50 cm, resp.) result in lower conversion efficiency, smaller throat diameters (10 cm) increase conversion efficiency. This is because larger throat diameters decrease temperature due to divergent effect and hence the rate of the gasification reaction. Even though smaller throat diameters increase conversion efficiency, longer gasification period is required to achieve that efficiency [1] .
The Impact of Throat Angle on Conversion Efficiency. Throat angle is a special unique feature of the downdraft gasifier and its impact on conversion efficiency is important [1] . Figure 7 presents the impact of throat angle on conversion efficiency at 25, 40, and 90 degrees, respectively, also obtained through computer simulation of the gasification process using the parameters presented in Tables 2 and 4 . Only the throat angle was varied while other parameters remained constant. Smaller throat angles (25 ∘ ) tend to result in higher conversion efficiency as evident in Figure 6 whereas larger throat angles (40 ∘ and 90 ∘ ) decrease conversion efficiency because the latter decrease the temperature of the gasification reaction due to divergent effect. Although smaller throat angle increases efficiency, it also requires longer gasification period to achieve maximum conversion efficiency [1] .
Comparison with Experimental Data
Based on Literature. The study, though, did not look at experimental data; however, a comparison between the simulated process studied and experimental data based on literature has been undertaken. Table 5 presents a comparison of the parameters considered for optimum gasification efficiency between simulated data from this study and experimental data from previous authors.
The simulation results agree well with the experimental data found in the literature as evident in Table 5 and are useful to understand the processes reproducing the experimental data.
Conclusion
Computer simulation of a downdraft biomass gasifier was performed on sugarcane bagasse and results showed that several characteristics affect the gasification process and performance of sugarcane bagasse including moisture content and particle diameter as well as gasifier operating parameters such as throat angle, throat diameter, and temperature of input air. Results also showed that these parameters are quite interrelated. Gasification rate, process efficiency, and gas heating value are affected by each of these parameters. Gas volume increased at reduced moisture content and the gas heating value is largely influenced by the volume of combustible gases in the syngas which in turn influences the conversion efficiency of the gasification process. It was also found that conversion efficiency is enhanced at low moisture content. Conversion efficiency also increased slightly with increasing temperature of input air due to additional enthalpy needed for reaction to occur. Reduced throat angle and throat diameter also enhanced the conversion efficiency of the gasification process. The study finally established that a laboratory scale as well as a large scale gasifier with enhanced conversion efficiency can be designed using simulation results.
